ABSTRACT: The portal of entry for pathogenic Vibrio alginolyticus into large yellow croaker Pseudosciaena crocea is via the intestinal tract rather than gill or skin according to the kinetics of the bacterial adhesion to different mucus. The different effects on adhesion caused by proteolytic enzymes and heat treatment might be due to the different chemical compositions of mucus. Adhesion of V. alginolyticus to mucus depends on concerted action of bacterial surface structures such as cell-surface proteins, somatic antigens, flagella, etc. In addition, starvation and monosaccharides, especially fructose, inhibit the bacterial adhesion to the mucus. Knowledge of these adhesive characteristics should be very useful for designing more efficacious prophylactic strategies.
INTRODUCTION
Large yellow croaker Pseudosciaena crocea is one of the main maricultured fish in southern China. Several pathogenic microorganisms such as Shewanella putrefaciens (Lin et al. 1999) , Vibrio harveyi (Lin et al. 1999) , V. parahaemolyticus (Li & Chen 2001 ) and especially V. alginolyticus ) have been associated with epizootics in cultured large yellow croaker and have caused considerable losses.
Bacterial adhesion to fish tissue surfaces is an important step in the initial stage of infection (Thune et al. 1993) . Therefore, the inhibition of adhesion of bacteria to the host may be useful therapeutically (Acord et al. 2005) . The adhesive properties of pathogenic bacteria have been studied in vitro, including bacterial adhesion to tissue culture cells (Chen & Hanna 1992) , red blood cells (Santos et al. 1991) , and mucus (Balebona et al. 1995 , Bordas et al. 1996 .
A mucous layer covering the epithelium is found on primary and secondary gill lamellae, on the skin and along the gastrointestinal tract. Mucus is the first physical barrier to the entry of pathogenic organisms from the environment into the fish. There are specific immunoglobulins, agglutins, lectins, lysins and lysozyme in the mucus (Shephard 1994) , which can kill or inhibit the invading organisms.
However, there have been few studies on the characteristics of mucus associated with different tissues and on the adhesion of pathogenic bacteria to different mucus. In this study, we attempted to uncover the portal of entry for pathogenic Vibrio alginolyticus into large yellow croaker by probing the characteristics of bacterial adhesion to the mucus on the skin, gill lamellae and intestinal tract of large yellow croaker.
MATERIALS AND METHODS
Bacterial strain and growth conditions. Pathogenic Vibrio alginolyticus (ND-01) was previously isolated and identified from naturally infected large yellow croaker Pseudosciaena crocea by our team and confirmed as pathogenic by artificial infection (Yan et al. Portal of entry for pathogenic Vibrio alginolyticus into large yellow croaker Pseudosciaena crocea, and characteristics of bacterial adhesion to mucus 2001) . The strain was stored at -80°C in physiological saline with 10% glycerol. Bacteria were cultured in tryptic soy broth (TSB) supplemented with 2% NaCl at 25°C for 12 h. For the adhesion assay, [methyl- , obtained from the Shanghai Institute of Applied Physics, Chinese Academy of Sciences) was added to the medium at a final concentration of 10 µl ml -1 to radiolabel the bacterial cells. Mucus preparations. Healthy large yellow croakers were obtained from marine cultured cages (Xiamen). Blood was completely drained from the caudal vessel after anesthetizing the fish with eugenol. Skin mucus was carefully scraped from the dorsal body using a plastic spatula and put into autoclaved tubes containing a small amount of sterilized seawater (filtered by a 0.22 µm filter) (Bordas et al. 1996) . In order to prevent contamination by intestinal contents and sperm, ventral skin mucus was not collected. Gill mucus was prepared by cutting out the gill arches, then scraping off the mucus and putting it into autoclaved tubes containing sterilized seawater (Larsen et al. 2001) . Intestinal mucus was prepared using a method modified from the one described by Olsson et al. (1996) . The intestines were removed and divided into foreguts and hindguts. Both foreguts and hindguts were transferred to autoclaved petri dishes and washed by autoclaved phosphate buffered saline (PBS, 0.01 mol l -1 pH 7.2). These guts were then split open with a scalpel. The foregut and hindgut mucus were harvested by scraping off the inner surface of the intestines with a plastic spatula to remove the mucous gel layer covering the intestinal epithelium. Finally, this mucus was homogenized in PBS.
The mucus preparations were centrifuged twice at 20 000 × g at 4°C for 30 min to remove particulate and cellular materials. The final supernatant was filtered through 0.45 and 0.22 µm pore size filters. The mucus samples were adjusted to 1 mg protein ml -1 with seawater or PBS. The protein concentration was determined using the method of Bradford (1976) .
Characteristics of the mucus. Immunoglobulin (IgM) in mucus was determined using an enzyme-linked immunosorbent assay (ELISA). A 100 µl volume of 2-fold serial diluted mucus was immobilized on polystyrene microtiter plates (Corning Costar 9018) at 4°C overnight, and physiological saline was used as the blank control. After washing 3 times with PBS (0.05 mol l -1 , pH 7.4) supplemented with 0.05% of Tween-20 (PBST), the wells were blocked for 1 h at 37°C by 300 µl of 1% (wt/vol) bovine serum albumin (BSA) and then washed. The wells were incubated for 1 h at 37°C with rabbit polyclonal antiserum against IgM of large yellow croaker (previously prepared by our lab, diluted 1:5000 by volume) and then washed. The control samples were prepared by adding serum from non-immunized rabbits. Next, 100 µl of goat antirabbit IgG-horse radish peroxidase (Sino-American Biotechnology) diluted in PBST-0.5% BSA (1:1000) was added and incubated at 37°C for 1 h and then washed. After incubation in the dark at room temperature for 30 min with 50 µl of the developing solution (OPD, BioBasic), the reaction was stopped by 50 µl 2 mol l -1 H 2 SO 4 . The optical density (OD) value of each well was determined at 492 nm by a microplate reader (Thermo Multiskan MK3).
The bacteriostatic effect of the mucus was evaluated by nephelometry. Briefly, log-phase bacterial cells were collected and the density of bacterial suspension was adjusted to 10 5 CFU (colony forming units) ml -1 by autoclaved physiological saline. 100 µl TSB, 100 µl bacterial suspension, and 100 µl mucus were mixed in the wells of microtiter plates. The OD values at 550 nm (OD 550 ) were recorded every hour from 1 h to 12 h, and then at 15 h and 18 h. The control group was preformed by adding 100 µl of seawater or PBS rather than mucus.
Lysozyme activities of skin, gill and intestinal mucus were analyzed according to the method of Grinde et al. (1988) . A standard sample was assayed as a positive control. Mucus was incubated with Micrococcus lysodeikticus (0.2 mg ml -1 , Sigma), at pH 6.4, 25°C, and the change in OD was recorded at 530 nm for 3 min.
In vitro adhesion assay. The bacterial adhesion assay was conducted according to the method described by Vesterlund et al. (2005) . Briefly, 150 µl of mucus was added to the wells of microtiter plates and incubated overnight at 4°C to fix the mucus. After the incubation, any unbound mucus was removed by washing the wells twice with 200 µl of sterile physiological saline. Next, 150 µl aliquots of radiolabelled bacteria were added to the wells and allowed to set at 25°C for 1.5 h. The wells were washed twice with 200 µl of sterile physiological saline to remove any non-adhering bacteria. The materials remaining in the wells were adhering bacteria which were released and lysed with 150 µl 1% SDS (sodium dodecyl sulphate)-0.1 mol l -1 NaOH through incubation at 60°C for 1 h. The contents of each well were transferred to 20 ml scintillation vials, which contained 10 ml scintillation fluid, and left for 12 h. Radioactivity (disintegrations per minute; DPM) was determined using a liquid scintillation counter (Packard Tri-Carb 4640). The number of adhering bacteria was assessed from the radioactivity recovered from the wells (Y = 0.0009 × X -147.93, r 2 = 0.995, where X is the number of adhering bacteria and Y is the radioactivity). Each adhesion assay was performed in triplicate. Adhesive kinetics: To study the kinetics of adhesion of Vibrio alginolyticus to skin, gill and intestinal mucus, the bacteria were allowed to adhere to the mucus at concentrations between 6.41 × 10 8 and 1.66 × 10 7 CFU ml -1
. The principle of Michaelis-Menten enzyme kinetics, described by Lee et al. (2000) , was adopted here to study the adhesion of V. alginolyticus to mucus. The plots of the reciprocal of adhering bacterial number versus the reciprocal of the concentration of bacteria added together yielded a linear relationship, according to:
where e x is the number of adhering bacteria, e m is the maximal value of bacterial adhesion, k x is the dissociation constant, and x is the concentration of the bacteria added. The values of e m and k x were calculated from data presented in Fig. 4 .
Proteolytic enzyme treatment or heat treatment: Trypsin or Proteinase K in physiological saline (1 mg ml -1 ) was added to the wells of microtitre plates containing immobilized mucus, and the plates were incubated at 25°C for 1.5 h. The plates were then washed to remove the proteolytic enzyme, and the adhesion assay was carried out as described above. In another test, the proteolytic enzymes were applied to bacterial suspension for 10 min at 25°C; the bacteria were then washed twice with physiological saline before the adhesion assay. The control group was prepared by treating the mucus or the bacteria with physiological saline without enzyme.
The mucus was heated at either 50, 75 or 100°C for 10 min each and then immobilized to microtitre plates for the adhesion assay. The mucus without heat treatment was used as the control.
Influence of antiserum, starvation and monosaccharide on bacterial adhesion: O-antiserum and H-antiserum against Vibrio alginolyticus, which had previously been prepared in New Zealand rabbits in our lab, were used to evaluate their inhibition upon the adhesion of V. alginolyticus. Aliquots (100 µl) of O-or H-antisera were separately mixed with 900 µl bacterial suspension, and incubated at 25°C for 1 h, and the mixture was then washed with physiological saline. Bacteria treated with PBS instead of antiserum were used as the control.
Log-phase bacterial cells were harvested and suspended in physiological saline at a density of 10 8 CFU ml -1
. After starvation at 25°C for various time intervals (0, 1, 2, 3, 4, or 10 d) 3 aliquots of starved bacteria were sampled for the adhesion assay.
A bacterial suspension was pre-incubated at 25°C for 1 h with different kinds of monosaccharides -D(+)glucose, D(+)mannose, D(-)fructose, and D(+) galactose -which were prepared in physiological saline at a final concentration of 1 mg ml -1 . Finally, the mixture was washed with physiological saline. Bacterial suspensions pre-incubated with physiological saline without monosaccharide were used as the control.
Analysis of mucus by SDS-PAGE. Skin, gill and intestinal mucus were subjected to SDS-PAGE (SDSpolyacrylamide gel electrophoresis; 12%) under reducing conditions according to Laemmli (1970) . The marker (ca. 14.4 to 116.0 kDa) was used to calibrate the molecular weight of the mucous proteins. The gel was stained with silver stain.
Statistical analysis. All data were expressed as means ± SD. The difference among mean values was analyzed using Student's t-test (SPSS 12.0 for Windows). Values of p < 0.05 were considered significant. Fig. 1 shows the IgM titers in skin, gill and intestinal mucus; the highest titer of IgM was found in skin mucus (p < 0.05). Of the 4 kinds of mucus, only skin mucus exhibited lysozyme activity (Table 1 ). The OD values at 550 nm (OD 550 ) of mucus-Vibrio alginolyticus mixtures increased with the incubation time. The OD values at OD 550 of mucus groups exceeded those of control groups after incubation for 18 h (Fig. 2) . The results indicated that the mucus of large yellow croaker had no bacteriostatic effect on the pathogenic V. alginolyticus. Fig. 3 shows the difference in chemical component among the 4 kinds of mucus. Foregut mucus and hindgut mucus exhibited a similar SDS-PAGE profile, which was quite different from those of skin mucus and gill mucus. Table 2 summarizes the values of bacterial adhesion (e m ), dissociation constant (k x ), and affinity index (e m /k x ). Hindgut mucus exhibited the highest e m and k x , while the highest value for e m /k x was found in foregut mucus (p < 0.05).
RESULTS

Biological characteristics detected in the mucus
Adhesion of Vibrio alginolyticus to the mucus after different treatments
Heat treatment. Adhesion of Vibrio alginolyticus to the mucus after heat treatment is presented in Fig. 5 . Incubating the mucus at 50°C for 10 min resulted in more bacterial adherence to skin mucus compared with the control group (p < 0.05), whereas incubating at 75 or 100°C for 10 min reduced the number of V. alginolyticus adhering to gill mucus (p < 0.05). No significant difference was found in the bacterial adhesion to intestinal mucus after heating.
Proteolytic enzyme treatment. Fig. 6A shows that pre-treatment of skin mucus with Proteinase K reduced the number of Vibrio alginolyticus adhering to the mucus (p < 0.05), but the enzyme treatment had no significant effect on the number of bacteria adhering to gill or intestinal mucus (p > 0.05). Fig. 6B shows the effect on bacterial adhesion of treating the bacteria with proteolytic enzymes. The bacterial adhesion to skin, gill or intestinal mucus was remarkably inhibited by treating the bacteria with Proteinase K (p < 0.05). Trypsin treatment had a significant effect on the bacterial adhesion to skin and foregut mucus (p < 0.05), but no significant effect on the bacterial adhesion to gill mucus and hindgut mucus. to skin, gill, foregut and hindgut mucus, respectively, and H-antiserum treatment reduced the bacterial adhesion by 21, 61, 52, and 39% (Fig. 7) . Both O-antiserum and H-antiserum treatment effectively inhibited the adhesion of V. alginolyticus to the mucus.
Starvation treatment.
Starved bacteria showed a sharp reduction in adhesion of Vibrio alginolyticus to skin mucus and gill mucus ( Table 3 ). The number of bacteria adhering to skin and gill mucus decreased by 53 and 66%, respectively, after starvation for 1 d. After starvation for 4 d, the bacterial adhesion quantities were close to the blank level (radioactivity of ISO µl 1% SDS-0.1 M NaOH without labeled bacteria). Results from Yan et al. (2007) indicated that starvation of V. alginolyticus caused a marked reduction in the number of bacterial adhesion to the intestinal mucus.
Monosaccharide treatment. Fig. 8 shows the effect of monosaccharides on bacterial adhesion. Fructose exhibited a remarkable inhibition effect on the adhesion of Vibrio alginolyticus to all mucus investigated. Mannose and galactose significantly inhibited the bacterial adhesion to gill mucus. Mannose also inhibited the bacterial adhesion to hindgut mucus. Glucose showed no significant inhibition effect on the bacterial adhesion to any mucus.
DISCUSSION
Mucus, such as mucin, glycoconjugates and glycolipids, can serve as initial sites for the attachment of invading bacteria, and these sites may retard or facilitate the ability of bacteria to attack the underlying epithelial surfaces (Forstner 1978) . The results of the present study demonstrate that hindgut mucus has ca. 2 to 3 times more binding sites (e m ) than other mucus does. However, Vibrio alginolyticus is less likely to readily adhere to hindgut mucus due to a higher dissociation constant (k x ). Because the bacterial concentrations used in the present study were much higher than those in natural waters, the affinity index (e m /k x ), which is independent of concentration, is the best indicator of relative bacterial attachment rates (Gordon & Millero 1984) . The e m /k x indices of intestinal mucus (foregut and hindgut mucus) were higher than those of skin mucus and gill mucus. A similar result was presented by Chabrillón et al. (2004) , who found that the adhesion e m /k x of Listonella anguillarum to intestinal mucus of gilt-head seabream was higher than those for other mucus, but they did not divide the intestine into the foregut and hindgut. However, we found that the e m /k x of V. alginolyticus to foregut mucus was 2 times higher than that of hindgut mucus. This result indicates that the foregut of large yellow croaker is the main location for the adhesion of V. alginolyticus. The data obtained from the characteristics of mucus show that there is more IgM and lysozyme in skin mucus than other mucus; this might be one of the reasons why the adhesion of V. alginolyticus to skin mucus is less than to other mucus. It has been reported that the gastrointestinal tract is the portal of entry for V. anguillarum into fish (Horne & Baxendale 1983 , Olsson et al. 1996 . The findings of the present study show that the intestinal tract rather than the gill or skin was the entry portal of V. alginolyticus into large yellow croaker. In addition, the number of V. alginolyticus adhering to intestinal mucus was always higher than the number adhering to other mucus under various conditions, which also demonstrated that the main portal of entry for the pathogenic V. alginolyticus is via the intestinal tract. (Creeth 1978) , heat and proteolytic enzyme treatments were used to investigate characteristics of mucus. Some binding sites for Vibrio alginolyticus in gill mucus may have been destroyed after heat treatment (75 or 100°C for 10 min), as indicated by decreased adhesion of V. alginolyticus to gill mucus after treatment. However, heat treatment had no significant effect on the adhesion capabilities of skin and intestinal mucus. The data in our previous studies showed that after heat treatment (incubated at 56°C for 5 min) V. alginolyticus lost most of its ability to adhere to mucus ). The results of the latter studies indicate that the adhesion receptors in the mucus are more thermotolerant than the adhesins on the bacterial surface.
In the present study, proteolytic enzymes, especially Proteinase K, had a great effect on Vibrio alginolyticus adhesion. In most cases, the adhesion has been reported to be mediated by proteins (Carnoy et al. 1994 , Roos & Jonsson 2002 , Vàzquez-Juárez et al. 2004 ). Because adhesion of V. alginolyticus to the mucus was reduced remarkably by Proteinase K, cell-surface proteins of V. alginolyticus may be important adhesins for adhesion. O-antigen lipopolysaccharide (LPS), known as the somatic antigen, was an important adhesin in Aeromonas hydrophila (Merino et al. 1996) . Experiments with some pathogens, such as Pseudomonas aeruginosa (Feldman et al. 1998) and A. hydrophila (Merino et al. 1997) , have demonstrated the important role of flagella in establishing the initial interaction with mucosal surfaces or cells. The effect of somatic antigen and flagella on the adhesion of V. alginolyticus was demonstrated by the effects of O-antiserum and H-antiserum on the bacterial adhesion found in the present study. Somatic antigen and flagella played important roles in the V. alginolyticus adhesion. In addition, starvation inhibits continuous bacterial protein synthesis, a process which is necessary for stable bacterial adherence (Finlay et al. 1989) . This is likely to be one of the causes of the reduction of the adhesion of starved V. alginolyticus. Therefore, adhesion of V. alginolyticus to mucus of large yellow croaker depends on the concerted action of the surface structures of V. alginolyticus. The different effects on adhesion caused by heat treatment or proteolytic enzymes might be due to the different chemical compositions found in mucus as indicated by the profile of SDS-PAGE.
In many systems, adhesion is mediated by lectins presented on the surface of the infectious organism that bind to complementary carbohydrates on the surface of the host tissues (Acord et al. 2005) . Soluble carbohydrates, recognized by the surface lectins of bacteria, block the adhesion of bacteria to animal cells in vitro (Sharon 2006) . Our study demonstrates that some monosaccharides, especially fructose, might block the ligand of Vibrio alginolyticus and inhibit the adhesion of V. alginolyticus to mucus. This suggests the possibility of carbohydrates as future anti-adhesion drugs for vibriosis caused by V. alginolyticus.
In conclusion, our data show that there are some different chemical components among the various mucus types of large yellow croaker. These different chemical components are the basis of the characteristics of the bacterial adhesion to the mucus. The adhesive kinetics show that the intestinal tract of large yellow croaker is an important portal by which pathogenic Vibrio alginolyticus enters the host. Knowledge of these adhesive characteristics should be very useful for designing more effective prophylactic strategies. 
